Extrachromosomal DNA can integrate into the genome with no sequence specificity producing an 2 insertional mutation. This process, which is referred to as random integration (RI), requires a double 
Introduction 1
Extrachromosomal DNA -endogenous, viral or transfected -can integrate into the genomic DNA, 2 resulting in an insertional mutation. This type of mutagenesis has been primarily studied in the 3 context of exogenous DNA that enters the nucleus as a result of transfection or viral infection, and 4 has several important practical implications [1] . It is used to produce transgenic cell lines and 5 organisms for research and biotechnological applications. Random integration (RI) of transcription-6 blocking constructs has been exploited as a form of untargeted but traceable mutagenesis ("gene 7 trapping"). Integration of exogenous DNA is an important factor in several therapeutic approaches, 8 where it is regarded as beneficial (stable restoration of a missing gene) or dangerous (insertion near 9 an oncogene and its activation). Viral integration into the genome has been considered as a 10 contributing factor in oncogenesis, even for viruses that do not encode an active integration function 11 [2] . During precise homology-driven modification of the genome (gene targeting), random integration 12 of the targeting construct is an unwanted side effect that severely limits the application of this 13 powerful technique in the vast majority of organisms [3] . 14 The presence of extrachromosomal DNA is a physiological condition, as a sizable pool of it exists in 15 the majority of normal cells in tissues, and includes fragments of nuclear and mitochondrial DNA 16 released due to damage repair, telomeric DNA circles [4] , non-integrating viral genomes [5] , mobile 17 genetic elements and phagocytized extracellular DNA [6] . According to one estimate, the relative 18 fraction of such extrachromosomal DNA in normal tissues can be substantial, reaching 0.1-0.2% of 19 total DNA content [7] , which is comparable to other major genomic components such as telomeres 20 (0.4%). How episomal DNA interacts with the genomic DNA and repair systems is not well 21 understood. 22 Insertion of exogenous DNA into a chromosome can be described by a simple and intuitive model as 23 mis-repair of a double strand break (DSB) in the genomic DNA by non-homologous end joining that 24 traps an extrachromosomal DNA fragment happening to be in the vicinity of the DSB [8, 9] . This model 25 predicts that the proximity of an ongoing DSB repair event to an extrachromosomal DNA molecule 26 will determine the frequency of the insertion, and therefore that increasing the frequency of DSBs 27 above background by inflicting additional damage will increase the likelihood of integration. This 28 prediction has been confirmed numerous times in various cell lines and with different DNA vectors 29 using doses of > 0.5 Gy of ionizing radiation (γ-and X-rays), which is arguably the best-studied method 30 of DSB induction [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . RI stimulation by DSB-inducing chemicals and enzymes has also been 31 demonstrated, as well as some non-DSB inducing genotoxic agents. 16, 21, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In the latter case the 32 stimulation can be explained by indirect DSB induction during replication.
33
Genomic integration of extrachromosomal DNA is referred to in the existing literature as RI, 34 illegitimate recombination, illegitimate integration, stable integration, stable transformation, non-35 homologous integration or insertional mutation [8] . Although it is not perfect, we chose to use the 36 4 first term. In the context of RI stimulated by DNA lesions we use the term stimulated RI (S-RI). Here 1 we report the following, and to our knowledge so far unidentified, properties of the S-RI 2 phenomenon. Firstly, we found that extremely low doses (10-50 mGy), similar to those encountered 3 during routine medical diagnostic procedures, strongly stimulate the integration of transfected DNA 4 and episomal viral DNA. Secondly, a screen of multiple knock-out mouse embryonic stem (ES) cell 5 lines revealed that contrary to expectation, disruption of the two major DSB repair pathways has no 6 effect on S-RI, and thirdly we showed that phosphorylation of H2AX on serine 139 and recruitment of 7 the adaptor protein MDC1, involved in DNA damage response, are essential for the process. 8 
Results

9
Integration is strongly stimulated by physiologically relevant doses of radiation
10
To investigate the effect of low dose irradiation (< 1 Gy) on RI we transfected ES cells by 11 electroporation with circular or linearized plasmid DNA containing a puromycin resistance gene, 12 divided the cells equally over several culture dishes, and irradiated the dishes using 137 Cs γ-irradiation 13 source with a set of doses ranging from 0.01 to 1 Gy [ Fig 1A,B] . Remarkably, even the lowest dose 14 tested already led to an increase in the number of puromycin-resistant colonies formed after 6-8 days 15 of selection [ Fig 1B] , with a 7.5±0.8 -fold increase at a dose of 200 mGy. The response was linear 16 between 10 and 200 mGy, then plateaued between 200 and 500 mGy, and decreased at 1 Gy.
17
The sensitivity of the response to the extremely low doses, the plateauing dose response, and the 18 high magnitude of the stimulation (up to 10-fold) distinguish our findings from numerous previous 19 reports of the phenomenon, as they generally studied doses above [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 22] We used a simple assay to re-examine a phenomenon known since the early days of research on 24 cultured eukaryotic cells [22, 23] . This makes a number of unexpected observations regarding 25 radiation-stimulated integration of extrachromosomal DNA we present here all the more interesting. Fig S3B] ). If we postulate that background RI itself is γH2AX-independent, we need to 16 conclude that each of the two proteins is coincidentally recruited in some γH2AX-independent 17 manner.
18
The alternative is to suppose that at least some of the apparent genetic distinctions between RI and S- in DMSO) were added to the media after seeding; 6 hr later media was collected and replaced with 8 fresh media; collected media was centrifuged to pellet the cells, which were returned to the dish. encoding GFP (pAAV-GFP) plasmids, 100 µl 2.5 M CaCl2, deionised water to 1 ml; then 1 ml 2xHBS 27 (16.4 g/l NaCl, 11.9 g/l HEPES, 0.21 g/l Na2HPO4; pH7.1 with NaOH) was added while bubbling air were collected, pooled, distributed over three 145-mm dishes and irradiated with 0, 100, 400 mGy.
11
Puromycin selection was started one day after irradiation. Authors declare no competing interests. were re-probed with anti-PARP-1 antibody to assess relative loading. For each genotype at least two independent clones used in 5 the experiments were tested. Clones that were derived from the CRISPR/Cas9-assisted gene targeting procedure but retained 6 the wild-type allele (as determined by PCR genotyping) were used as controls in some experiments; these are indicated with 7 letter C. Asterisk indicates non-specific band. 
